large drop of electrical resistance, strongly modified single particle and collective mode spectra and a marked change of optical reflectivity. Particularly important and unusual, the H state is stable for an arbitrarily long time until a laser pulse, electrical current or thermal erase procedure is applied, causing it to revert to the thermodynamic ground state. Major observed events can be reproduced by a kinetic model describing the conversion of photo excited electrons and holes into an electronically ordered crystal, thus converting a Mott insulator to a conducting H state. Its long-time stability follows from the topological protection of the number of periods in the electronic crystal.
Extreme conditions necessary for reaching hidden many body states can be created in the laboratory using laser photoexcitation in condensed matter systems. Typically, the ground state ordering can be temporarily destroyed, but on cooling the system reverts back in a few picoseconds, exceptionally passing though a transient metastable state. So far, a few such metastable states have been shown to persist on timescales between 10 −9 -10 −3 s (1,2,3,4,5,6,7) before recovering to the ground state by a combination of thermal, electronic and lattice relaxation processes (2) . Stability of photoinduced states has been demonstrated in a manganite (6) and in chalcogenide glasses (8) , where switching occurs between neighbouring thermodynamic states, but no hidden states are involved in these cases.
In this paper, we report for the first time on bistable switching to a hidden (H), spontaneously ordered macroscopic quantum state whose properties are distinct from any other state in the equilibrium phase diagram. The hidden state transition (HST) occurs in a layered quasi-2D chalcogenide 1T-TaS 2 crystal, a system which exhibits multiple competing ground states already under equilibrium conditions. Some of the states are shown schematically in Fig. 1A .
Near T c0 = 550 K 1T-TaS 2 forms an incommensurate charge-density-wave (IC) with an associated lattice distortion. On cooling these modulations sharpen to form star-shaped polaron clusters ( Fig.1 A) . Their ordering is thought to be responsible for a variety of phases, causing a transition to a nearly commensurate (NC) state for T < T c1 = 350 K, and a hysteretic first-order transition to a gapped commensurate (C) phase at T c2 183 K. On heating, the system develops a triclinic stripe-like ordered state around 223 K which reverts to the NC state at T c2 283 K (9). Further nearby equilibrium states are revealed upon the application of external pressure (10) or doping (11), both of which make 1T-TaS 2 superconducting.
To induce the HST, we use a single sub-35 fs Write (W) pulse from an amplified Ti-Sapphire laser at 800 nm with energy U W 1 mJ/cm 2 . After inducing a HST at 1.5 K, the 4-probe resistance r(T ) drops approximately 3 orders of magnitude and remains in this state indefinitely at this temperature (Fig. 1B) . Upon heating, r(T ) is approximately constant up to 60 K, whereupon it increases and merges to the virgin r(T ) curve corresponding to the C state above T H ∼ 100 K. The I-V characteristic remains linear throughout. Empirically we found that the H state can be completely erased (E) by a pulse train of 10 4 50 ps pulses, each with U E 1 mJ/cm 2 . Alternatively, Joule heating can be used for erasure by passing a ∼ 0.1 mA current through the device. In all three cases the system reverts to the C state. Stable switching can be achieved also at intermediate temperatures up to T ∼ 70 K. The effect is entirely reversible from cycle to cycle, sample to sample, irrespective of the sample growth batch, and there appears to be no limit on the number of W/E cycles that can be performed. (Experimental details on thermal protocols, including ageing effects (12) , and a description of the laser lithography used to manufacture the contacts are given in the supplementary material (SM)).
To gain insight into the microscopic nature of the hidden state, we investigate the singleparticle and collective excitations, using Pump-probe (P-p) spectroscopy with the P and p pulse energies kept low (< 10µJ/cm 2 and <1 µJ/cm 2 respectively) to ensure minimal disturbance of either state. The sample reflectivity R(t) is simultaneously recorded by the probe (p) beam. In Fig. 2 A to D we first present the transient reflectivity ∆R/R of 1T-TaS 2 . In the virgin C state we observe oscillations due to the coherent excitation of the amplitude mode (AM) and phonons which are superimposed on a background from exponentially decaying single particle (SP) excitations across the gap (13) . The spectrum S(ω) obtained by Fourier transformation shows a strong amplitude mode at 2.46 THz, and weaker phonon modes at 2.1, 2.18, 3.2 and 3.85 THz (see Fig.2B ). The HST modifies the ∆R/R (Fig. 2B ) and the SP signal is reduced significantly.
In the spectrum after the HST shown in Fig.2B Concurrent with the switching of the AM and phonons, we observe a switching of reflectivity R at 800 nm, as shown in is not related to the equilibrium states.
We emphasize some remarkable features of the HST: 1. After photo-excitation the H state spontaneously orders below T H , as indicated by the narrowness of the AM peak and the fact that no partial frequency shift is ever observed even when incomplete switching is caused by near-threshold excitation (see SM). 2. The switching occurs only with short pulses, and the threshold increases with increasing τ W as shown in Fig. 2 C and -remarkably -can no longer be achieved with τ > 4 ps at any U W . 3. The H state is completely stable until erased, or heated above ∼ 70 K. Note that T H has no special significance under equilibrium conditions and is relevant only for describing the transition from the H state to the C state.
To understand these unusual phenomena, we first introduce a scenario for switching based on the current understanding of the electronic ordering in 1T - TaS Mott insulator in the form of a polaronic crystal (10, 14, 15) .
Photoexcitation initially creates equal numbers of electrons (e) and holes (h) by an interband transition, followed by rapid intraband thermalisation via scattering amongst themselves and with the lattice, as well as transitions between different bands, reaching states near the Fermi level and melting the C order on a timescale on the order of 50 fs (17, 18, 19, 20) . The maximum effective electronic temperature reached in the process is T e ∼ 1000 K, while the lattice reaches ∼ 150 K within 3 − 5 ps, whereupon the two are in quasi-equilibrium. (See SM for temperature measurements and model estimates). However, the large asymmetry of the band structure in this compound (14) , can also lead to a photodoping effect: the e and h scatter and lose energy at different rates, leading, on the sub-5-picosecond timescale, to a transient imbalance of their respective populations n e and n h .
Let's now examine the photodoping effect in more detail. Doping away from half-filling of a conventional Mott-Hubbard state on a rigid lattice leads to a conducting state. But here photo-doping disturbs the polaronic deformations. Let's consider the effect of a photo-doped hole, which annihilates with the localised 13 th electron. The annihilation removes the charge at the centre of the polaron, rapidly dissolving the polaronic distortion and leaving a void in its place. In the standard polaron picture (21), its dissolution releases a band state from which the polaron was originally formed, which makes the system conducting. Since some of the 13 th electrons have been annihilated by holes, not all ions in these regions are charge compensated, and they have an excess charge. Yet these regions cannot conduct because the remaining 12
electrons are in filled states within the gap formed by the long-range CDW (see Fig. 3 C) . The excess charge within these regions will be screened by the electrons which are now transferred to the delocalised bands. At a sufficiently high concentration n v , these voids are expected to aggregate by diffusion into domain walls. The overall state becomes conducting via the band states released by the annihilated polarons which, if ordered, would form a new incommensurate structure. We can also imagine that photo-excited electrons could squeeze into the structure in between the polarons creating interstitials with a concentration n i (9). Together with voids with a concentration n v the total "intrinsic defect" concentration n d = n v − n i may have either sign. Overall charge conservation n h + n v = n e + n i gives the imbalance of the current carriers and existing models (16, 23 ) is plotted in Fig. 3 B.
To obtain the time dependencies of concentrations n e (t), n h (t) and of the electronic temperature T (t) we consider the recombination rates of e and h across the spectral gap and into the new ordered state. Apart from the densities, the rates depend on the separate chemical potentials µ i (t) = ∂F i /∂n i for the electrons, holes and defects (we assume that the sub-systems are more or less equilibrated internally (19) ). The difference in chemical potentials gives the energy released when particles are exchanged among the reservoirs which determines the temperature evolution. In equilibrium, the µ i for all the three reservoirs must be equal, so the intersection of the three surfaces µ e , µ h and µ d , as functions of n e and n h and subject to the constraint n d = n h − n e gives the thermodynamically stable end points of the system. These are shown (Fig.   4 A) , the laser pulse causes the electronic temperature to increase and the system trajectory initially follows the C state line (where n e = n h ), then makes a loop and ends at point H (where
, the system initially follows the same path, but the final temperature reached by the system is too low for there to be an intersection of all three chemical potentials, so the system returns back to state C (Fig. 4 B) . The appearance of a switching threshold observed in the experiments is thus described by the model. In the E cycle we start from the hidden state at point H (Fig. 4 C) . Increasing T above a critical value causes the system to follow curve 1 towards the commensurate state C at an elevated temperature T > T H . Cooling thereafter causes it to return via 2 to the stable point C, reproducing the cycle performed in our experiments.
We can now also understand why switching does not occur for τ > 4 ps: Electron-hole asymmetry may be present as long as the entire electronic system is out of equilibrium with the lattice (up to 3 ∼ 5 ps). With pulses longer than a critical length which is related to the electron/hole energy relaxation time, the H state can no longer form. Changing the W pulse length τ within our model and plotting the threshold U T as a function of pulse length τ , we obtain the curve shown in Fig. 2 C. The model closely follows the observed behaviour, whereby no stable H point is reachable for pulses longer than a critical value τ c , observed experimentally at ∼ 4 ps.
The main nontrivial observations, namely the appearance of a switching threshold for the W pulse fluence, its critical pulse-length dependence, the threshold temperature for the E cycle, and the high conductance can thus be reproduced. Moreover, the narrow AM spectrum is a direct consequence of the predicted homogeneous long range order in the H state. The observation of a mid-gap spectral feature following sub-threshold photoexcitation as reported recently (19, 24, 25) is consistent with a transient change of polaron density.
The reason for the remarkable stability of the H state over an arbitrarily long time is that it is topologically protected: The domain wall density n d cannot change continuously, but can do so only in discrete steps, only when the number of periods of the electronic crystal changes, which is quantized. Such an effect as has recently been demonstrated in 1D CDWs (26) . This constraint -and its energetically costly resolution by proliferation of topological plane and line defects -resembles the protection and inhibited decay of super-currents in superfluids and superconductors where the intrinsic defects are phase slips and vortices. Here, on a microscopic level, proliferation of new domain walls provides a mechanism which converts polaronic states to/from band states. The creation and motion of such extended objects will be substantially slowed down by the presence of intersecting discommensurations and finally arrested by pinning to lattice defects. The E cycle may be explained by the creep of extended defects which is known to be promoted by heating above an irreversibility line characteristic of pinning phenomena.
Previous time-resolved experiments in 1T-TaS 2 failed to detect switching because they were performed either with insufficient fluence (18) , or the ambient temperature was too high (20) .
The mechanism for the creation of a topologically protected state by a nonequilibrium quench is generic and is likely to be found in other charge-ordered materials with multiple electronic reservoirs. The switching is caused by relatively weak and short pulses, which -considering the large change in resistance and optical reflectivity -has obvious application potential. The effect also opens the way to the search for new generations of room temperature non-volatile memory elements in electronically ordered materials. As a memory element, switchable by sub-35 fs pulses, our device is already comparable to, or exceeds the current speed record of 40 fs in magnetic materials (28) .
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Tossatti and E. Tutis. Samples were grown by P. Sutar and H. Berger. We also acknowledge funding from ARRS, European restructuring funds (CENN Nanocenter) and the ERC advanced grant TRAJECTORY. Fig. 4. (A) The system trajectory system (thick red line) above switching threshold U W > U T on a parametric plot of n e (t) and n h (t)) as a function of time superimposed on lines of partial equilibria given by the intersections µ e = −µ d (green), µ h = µ d (blue) and µ e = −µ h (cyan) drawn for the final temperature after the system has stabilized. (B) Same as (A) except below threshold U W < U T . The system now returns to the C state. (C) Model trajectory of erasure by heating in the H-state (purple line): the trajectory first leaves the H-point, then joins the commensurate line. After reaching a maximum at C', on cooling the system returns to point C.
